Shear stress, the tangential component of hemodynamic forces, plays an important role in endothelial remodeling. In this study, we investigated the role of Rho family GTPases Cdc42 and Rho in shear stress-induced signal transduction and cytoskeleton reorganization. Our results showed that shear stress induced the translocation of Cdc42 and Rho from cytosol to membrane. Although both Cdc42 and Rho were involved in the shear stress-induced transcription factor AP-1 acting on the 12-O-tetradecanoyl-13-phorbol-acetate-responsive element (TRE), only Cdc42 was sufficient to activate AP-1/TRE. Dominant-negative mutants of Cdc42 and Rho, as well as recombinant C3 exoenzyme, attenuated the shear stress activation of c-Jun NH 2 -terminal kinases (JNKs), suggesting that Cdc42 and Rho regulate the shear stress induction of AP-1/TRE activity through JNKs. Shear stress-induced cell alignment and stress fiber formation were inhibited by the dominant-negative mutants of Rho and p160ROCK, but not by the dominant-negative mutant of Cdc42, indicating that the Rho-p160ROCK pathway regulates the cytoskeletal reorganization in response to shear stress.
Introduction
Endothelial cells (ECs) in blood vessels are exposed to fluid shear stress, the tangential component of the hemodynamic forces acting on the vessel wall. Shear stress has been implicated in pathophysiological processes in the vascular wall such as atherosclerosis, reperfusion, and EC wound healing (1) (2) (3) (4) (5) (6) (7) (8) . The role of shear stress in atherogenesis is manifested by the finding that the atherosclerotic lesions in the arterial tree are preferentially located in the disturbed flow region. In vitro experiments using ECs cultured in flow channels have shown that the structure and function of ECs are modulated by shear stress (reviewed in ref. 9 ). The early responses of ECs to applied shear stress in vitro may represent in vivo responses of ECs to the temporal and spatial changes of shear stress resulting from disturbed flow. It has been shown that shear stress modulates the expression of genes encoding growth factors, adhesion molecules, coagulation molecules, chemoattractants, proto-oncogenes, and vasoactive substances (reviewed in ref. 10) . For example, the platelet-derived growth factors, intercellular adhesion molecule-1, monocyte chemotactic protein-1 (MCP-1), and c-fos genes are all transiently upregulated by shear stress (11) (12) (13) (14) . Several laboratories, including ours, have attempted to define the upstream signaling pathways leading to the expression of these shear-inducible genes. It has been shown that shear stress induces a rapid and transient activation of Ras small GTPase, which in turn regulates the mitogen-activated protein kinases (MAPKs), including extracellular signal-regulated kinases (ERKs) and c-Jun NH 2 -terminal kinases (JNKs) (15, 16) . In the downstream, target genes such as the MCP-1 gene are transiently upregulated through the transcription factor activating protein-1 (AP-1) acting on the 12-O-tetradecanoyl-13-phorbolacetate-responsive element (TRE) (17) . Long-term exposure of ECs to shear stress causes the elongation of ECs along the direction of flow, with rearranged microfilaments and focal adhesion sites, attenuated cortical Factin, and enhanced central stress fibers (18) (19) (20) (21) . These structural features are similar to those seen in vivo in ECs in the straight part of the arterial tree (22) , an area that is relatively resistant to atherosclerosis. Recent studies indicate that the shear stress modulation of endothelial shape and F-actin network depends on tyrosine kinase activities, intracellular calcium, and an intact microtubule network but that it is independent of protein kinase C, intermediate filaments, and shear-and stretch-activated mechanosensitive channels (23) .
Ras-related Rho family GTPases (e.g., Cdc42, Rac, and Rho) have distinct functions in regulating the actinbased cytoskeletal structure (reviewed in refs. 24 and 25) : Cdc42 regulates filopodia formation (26, 27) ; Rac regulates membrane ruffling (28) ; and Rho increases cell contractility, focal adhesions, and actin stress fibers (29) . It was also shown that Rho stimulated the tyrosine phosphorylation of focal adhesion kinase (FAK) to augment the onset of stress fiber formation (30) (31) (32) . Recently, p160ROCK, a Rho-associated serine/threonine kinase that belongs to the Rho-kinase family, has been characterized (33) . p160ROCK can enhance myosin light chain (MLC) phosphorylation by inactivating myosin phos-phatase and/or directly phosphorylating MLC at the same site as MLC kinase (MLCK) (34) (35) (36) . The enhanced MLC phosphorylation in turn increases the contractility of actinomyosin, the formation of stress fibers, and the recruitment of integrins to focal adhesions (37) . In addition to modulating cell morphology, Rho family GTPases also regulate MAPKs and other kinases (reviewed in ref. 25 ). Cdc42 and Rac can regulate the JNK pathway (38, 39) , and Rho is involved in the integrindependent activation of ERK upon cell adhesion (40) .
The pivotal roles of Rho small GTPases in regulating the actin-based cytoskeletal structure and MAPK pathways prompted us to investigate their involvement in the EC responses to shear stress. In this study, by using their constitutively active or dominant-negative mutants, we found that Cdc42 and Rho play distinct roles in shear stress-induced signal transduction and cytoskeleton reorganization.
Methods
Cell culture. Cell culture reagents were obtained from GIBCO BRL (Grand Island, New York, USA). Bovine aortic endothelial cells (BAECs) were isolated from the bovine aorta either with collagenase or by gently scraping with a rubber policeman. BAECs were cultured in DMEM supplemented with 10% FCS, 2 mM L-glutamine, and 1 mM each of penicillin-streptomycin and sodium pyruvate. Cell cultures were maintained in a humidified 95% air/5% CO 2 incubator at 37°C. All experiments were conducted with cultures prior to passage 10.
Shear stress experiments. A flow system was used to impose shear stress on cultured ECs as described by Frangos et al. (41) . In brief, a glass slide 75 × 38 mm seeded with a confluent monolayer of BAECs was mounted in the flow channel created by sandwiching a silicone gasket between the glass slide and an acrylic plate with an inlet and outlet for exposing the cultured cells to the shear stress resulting from flow. The channel is 0.025 cm in height, 2.5 cm in width, and 5.0 cm in length. A laminar shear stress of 12 dyn/cm 2 was generated by the flow resulting from a hydrostatic pressure difference between a high and a low reservoir. The flow system was kept at 37°C and ventilated with 95% humidified air/5% CO 2 .
Cdc42 and Rho translocation assay and immunoblotting. For Cdc42 and Rho translocation assay, static or sheared BAECs were scraped into a lysis buffer containing 50 mM HEPES (pH 7.4), 50 mM NaCl, 1 mM MgCl 2 , 2 mM EDTA, 1 mM PMSF, 10 µg/ml leupeptin, 1 mM Na 3 VO 4 , 5 mM NaF, and 1 mM DTT.
The cell lysates were passed through a 27-gauge needle five times to disrupt the cell membranes for the release of the cytosol proteins. The lysates were ultracentrifuged at 10 5 g for one hour. After collecting the supernatant as the cytosol fraction, the pellet was resuspended in 1% Triton X-100 in the lysis buffer and centrifuged at 10,000 g for 10 min. After this centrifugation, the supernatant was collected as the membrane fraction, and the pellet was dissolved in SDS loading buffer as the Triton X-100 insoluble fraction that included the cytoskeleton and nuclei. The amounts of Cdc42 and RhoA in each fraction were determined by immunoblotting with polyclonal anti-Cdc42 or polyclonal anti-RhoA (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA). The three separated fractions were subjected to 12.5% SDS-PAGE, and the proteins in the gel were transferred to a nitrocellulose membrane. The membrane was blocked with 3% nonfat milk, followed by incubation with the primary antibody in TTBS (10 mM Tris-HCl [pH 7.4], 150 mM NaCl, and 0.05% Tween-20) containing 0.1% BSA. The bound primary antibodies were detected by using a goat antimouse or goat anti-rabbit IgG/horseradish peroxidase conjugate (Santa Cruz Biotechnology Inc.) and viewed by using the
Figure 1
Shear stress induces the translocation of Cdc42 and Rho. Confluent BAECs were either subjected to a shear stress of 12 dyn/cm 2 for various lengths of time as indicated or kept as static controls (represented by time 0). The cell lysates were fractionated into cytosol and membrane fractions. Different fractions were separated by 12.5% SDS-polyacrylamide gel followed by immunoblotting with either a polyclonal anti-Cdc42 or a polyclonal anti-RhoA antibody. Bar graphs represent mean ± SD from three separate experiments. The relative protein amount is defined as the band intensity of the sheared samples (hatched bars) relative to that of the static control (open bars). Asterisks indicate significant difference (P < 0.05) between sheared and static control cells. The bottom of each panel shows G6PDH immunoblotting of the blots from the same lysates indicating that shear stress did not cause the translocation of G6PDH.
ECL detection system (Amersham Life Sciences Inc., Arlington Heights, Illinois, USA). The same cell lysates were also used for immunoblotting with antibody against glucose-6-phosphate dehydrogenase (G6PDH) (Sigma Chemical Co., St. Louis, Missouri, USA) as internal controls.
Plasmids, transient transfection, and promoter activity assay. Plasmids encoding hemagglutinin (HA)-JNK1, dominant-active mutants myc-Cdc42(V12) and myc-RhoA(V14), and dominantnegative mutants HA-Cdc42(N17) and HA-RhoA(N19) were described previously (38, 40, 42, 43) . Plasmids encoding the myc epitope-tagged p160ROCK (myc-ROCK) and the dominantnegative mutant myc-ROCK-C encoding a COOH-terminal fragment of p160ROCK truncated at amino acid 1080 (33) were gifts from Shuh Narumiya (Kyoto University, Kyoto, Japan).
The various plasmids were transfected into BAECs using the lipofectamine method (GIBCO BRL). After incubation for six hours, the cells were washed with fresh DMEM and cultured with DMEM supplemented with 10% FCS to reach confluence. Within 48 h after transfection, the BAEC monolayers were subjected to shear stress experiments or kept as static controls. The expression of the various exogenous genes was monitored by immunoblotting with anti-HA mAb 12CA5 (Boehringer Mannheim Biochemicals, Indianapolis, Indiana, USA), anti-myc mAb (Santa Cruz Biotechnology Inc.), anti-Cdc42, or anti-Rho.
For TRE promoter activity assay, expression plasmids encoding the wild-types or mutants of the small GTPases were cotransfected with 4XTRE-Pl-Luc into BAECs as described previously (29) . Plasmid pSV-β-galactosidase (β-gal), which contains a β-gal gene driven by the SV40 promoter and an enhancer, was cotransfected to monitor the transfection efficiency. After experiments, the cells were lysed with a lysis buffer containing 0.1 M potassium phosphate (pH 7.9), 0.5% Triton X-100, and 1 mM DTT to release the luciferase and β-gal. Luciferase assays were carried out by adding a buffer containing 2 mM ATP, and 0.075 mM luciferin, 100 mM tricine, 10 mM Mg 2 SO 4 , and 2 mM EDTA (pH 7.8) to the lysate and measuring the total light output in a luminometer. For β-gal activity assays, 1 mg/ml o-nitrophenyl-D-galactopyranoside in 0.1 M dibasic sodium phosphate, 1.2 mM MgCl 2 , and 60 mM β-mercaptoethanol was added to the lysate. The mixture was incubated for 30 min at 37°C, and the absorbance at 410 nm was determined by a spectrophotometer. The results of the luciferase assays were normalized to the readings of the β-gal assays.
Immunoprecipitation and kinase activity assay. For HA-JNK1 kinase assay, plasmids encoding the epitope-tagged HA-JNK1 (1 µg/slide) were cotransfected with plasmids encoding the various constitutively active or dominant-negative mutants (2 µg/slide) into BAECs. After 48 h, BAECs were either kept as static controls or sheared for 30 min, and lysed in a kinase lysis buffer containing 25 mM HEPES [pH 7.4], 0.5 M NaCl, 1% Triton X-100, 0.1% SDS, 1% deoxycholate, 5 mM EDTA, 1 mM PMSF, 10 µg/ml leupeptin, 50 mM NaF, 10 mM Na 3 VO 4, and 2 mM βglycerophosphate. The lysates were centrifuged at 12,000 g for 15 min., and the supernatants were immunoprecipitated with anti-HA mAb 12CA5 and protein A-Sepharose beads (Pharmacia Biotech, Ameda, California, USA) at 4°C overnight. Two micrograms of glutathione S-transferase (GST)-c-Jun(1-79) fusion protein and 10 µCi [γ-32 P]ATP in 30 µl of a kinase assay buffer containing 25 µM ATP were added to each immunocomplex pellet to carry out the kinase reaction at 30°C for 20 min. The reaction was stopped by adding 4× SDS sample buffer containing 250 mM Tris-HCl (pH 6.8), 8% SDS, 40% glycerol, 20% β-mercaptoethanol, and 0.02% bromophenol blue. The phosphoproteins were separated by SDS-PAGE for autoradiography. The intensities of phosphorylated bands were quantified
Figure 2
Cdc42 and Rho regulate the shear stress activation of AP-1/TRE transcriptional activity. (a) BAECs cultured on glass slides were transfected with pcDNA3, HA-Cdc42(N17), or HA-RhoA(N19) (2 µg/slide), together with 4XTRE-Pl-Luc (1 µg/slide) and β-gal (0.5 µg/slide). Approximately 40 h after transfection, the confluent BAEC monolayers were either sheared at 12 dyn/cm 2 for eight hours or kept under static conditions for eight hours, followed by luciferase and β-gal assays. The luminometer readings for luciferase were normalized by β-gal activities. (b) 4XTRE-Pl-Luc (1 µg/slide) and β-gal (0.5 µg/slide) were cotransfected with pcDNA3, myc-Cdc42(V12), myc-RhoA(V14), myc-Cdc42(V12) together with HA-RhoA(N19), or myc-RhoA(V14) together with HA-Cdc42(N17) (2 µg/slide for each plasmids). The total amount of the transfected plasmid DNA in the various samples was kept constant by supplementing with pcDNA3. About 40 h after transfection, the cells were lysed for luciferase and β-gal activities assays. Bar graphs, representing mean ± SD from three separate experiments, show the normalized luciferase activity of the various samples relative to that in the pcDNA3-transfected, static controls. Asterisks in a indicate significant difference (P < 0.05) compared with pcDNA3-transfected cells after shearing. Asterisks in b indicate significant difference (P < 0.05) compared with pcDNA3-transfected cells. The bottom of a shows immunoblotting with anti-HA mAb; the bottom of b shows immunoblotting with polyclonal anti-Cdc42, polyclonal anti-RhoA, or anti-HA mAb indicating that the levels of the expressed exogenous proteins were comparable among the various samples.
by densitometric analysis. Similar procedures were used for the endogenous JNK1 kinase assay, except that polyclonal anti-JNK1 was used for immunoprecipitation.
Immunostaining, confocal microscopy, and cell morphology analysis. To test whether Cdc42, Rho, and p160ROCK regulate shear stress-induced cell alignment and stress fiber formation, plasmids encoding the HA-Cdc42(N17), HA-RhoA(N19), myc-ROCK-WT, or myc-ROCK-C (2 µg/slide) were transfected into BAECs. As transfection controls, plasmids encoding pcDNA3 (1 µg/slide) and β-gal (1 µg/slide) were cotransfected into BAECs. After 48 h, the transfected cells were either sheared for 16 h or kept as static controls. The cells were then fixed in 4% paraformaldehyde in PBS for 10 min, followed by permeabilization with 0.5% Triton X-100 in PBS for 10 min. The specimens were incubated in PBS containing mouse anti-β-gal mAb (1:1,000; Sigma Chemical Co.), anti-HA mAb (1:1,000), or anti-myc mAb (1:1,000) at room temperature for one hour. After washing three times with PBS, the specimens were incubated with rhodamine-conjugated goat anti-mouse IgG and FITC-conjugated phalloidin (5 U/ml; Molecular Probes Inc., Eugene, Oregon, USA) for one hour. Double staining of actin and HA, myc, or β-gal was observed under a confocal microscopy system (MRC-1000; Bio-Rad Laboratories Inc., Hercules, California, USA) equipped with an argon/krypton laser line, a scan head, and a Nikon Diaphot 300 inverted microscope (Nikon Inc., Melville, New York, USA). FITC was excited at a wavelength of 488 nm and detected within a band between 506 and 538 nm. Rhodamine was excited at 568 nm and detected within a band between 589 and 621 nm.
To quantify cell morphological changes, an imaging system including a Nikon Diaphot 300 microscope, a charge-coupled device-camera (Optronics Engineering, Gòleta, California, USA), and a computer was used. A large number of transfected cells were randomly selected. The rhodamine-staining and phase-contrast images were collected by using IMAGE I software (Universal Imaging, West Chester, Pennsylvania, USA). The boundary of transfected cells was outlined by IMAGE I automatically, or by hand drawing when necessary. Cell area, cell perimeter, and the orientation angle between the cell principal axis and the flow direction were automatically measured by IMAGE I. The cell morphology was represented by the orientation angle between the cell principal axis and the flow direction and by the cell shape index, defined as (4π × cell area)/(cell perimeter squared). The value of the shape index is 1 for a perfectly round cell and decreases toward 0 as the cell approaches a line.
Results

Shear stress induces the translocation of Cdc42 and Rho in ECs.
Several types of chemical stimuli cause the translocation of Rho GTPases from cytosol to membrane or cytoskeleton upon activation (25, (44) (45) (46) . We first investigated whether shear stress, like those chemical stimuli, causes the translocation of these small GTPases in ECs. Cell lysates from static or sheared cells were separated into cytosol, membrane, and cytoskeleton fractions. The amounts of Cdc42 and Rho in these samples were determined by immunoblotting with polyclonal antibodies against Cdc42 or RhoA. As shown in immunoblots in Figure 1a , the application of a flow with a shear stress of 12 dyn/cm 2 caused a transient increase in Cdc42 association with the membrane, whereas the amount in the 1144
The cytosol decreased. The translocation occurred as early as one minute and peaked at five minutes. At 15 min after shearing, the distribution of Cdc42 returned to that in the static control. Figure 1b shows that RhoA also translocated to the cell membrane in response to shear stress and that this translocation was sustained for at least two hours, which differed from the transient translocation of Cdc42. The same lysates were used for immunoblotting with a polyclonal anti-G6PDH, which revealed that the levels of this housekeeping protein in both the cytosol and membrane fractions were not affected by the applied shear stress. In contrast to the translocation between the cytosol and membrane fractions, there was little change in the amounts of Cdc42 and Rho in the cytoskeletal fraction (data not shown).
Cdc42 and Rho regulate the shear stress activation of AP-1/TRE. We have previously shown that shear stress induces a transient activation of Ras and JNK, which in turn regulate the AP-1/TRE-mediated transcriptional activation in ECs (16) . To test whether Cdc42 and Rho are involved in the shear stress activation of AP-1/TRE, BAECs were transfected with 4XTRE-Pl-Luc together with pcDNA3 empty vector, or HA-Cdc42(N17) or HA-RhoA(N19), the respective dominant-negative mutants of Cdc42 and RhoA. As shown in Figure 2a , in cells transfected with the empty vector pcDNA3, shear stress caused a ninefold increase in TRE luciferase activity when compared with static controls. This shear stress-induced luciferase activity was markedly attenuated in cells cotransfected with HA-Cdc42(N17) or HA-RhoA(N19), with 65% and 80% of inhibition, respectively. These results suggest that Cdc42 and RhoA play significant roles in the shear stress activation of AP-1/TRE.
To test whether activation of Cdc42 or RhoA alone is sufficient to augment the AP-1/TRE-mediated transcriptional activation, 4XTRE-Pl-Luc was cotransfected with myc-Cdc42(V12) or myc-RhoA(V14), the respective activated mutants of Cdc42 and RhoA. As shown in Figure 2b , overexpression of myc-Cdc42(V12) in BAECs caused an increase in luciferase activity by more than fivefold compared with the control cells cotransfected with pcDNA3 empty vector. In contrast, myc-RhoA(V14) had little effect on the induction of 4XTRE-Pl-Luc. These results, in conjunction with those in Figure 2a , suggest that both Cdc42 and RhoA activation are involved but that only Cdc42 activation is sufficient for the shear stress induction of AP-1/TRE. To investigate the relation between Cdc42 and Rho in the activation of AP-1/TRE, myc-Cdc42(V12) and 4XTRE-Pl-Luc were cotransfected with HA-RhoA(N19). Overexpression of HA-RhoA(N19) did not attenuate the myc-Cdc42(V12)-induced luciferase activity (Figure 2b) , indicating that RhoA and Cdc42 independently regulate the shear stress induction of AP-1/TRE.
Cdc42 and RhoA regulate the shear stress activation of JNK. To test whether Cdc42 and RhoA are involved in the shear stress activation of JNK, BAECs were transfected with the epitope-tagged HA-JNK1 together with HA-Cdc42(N17) or HA-RhoA(N19). The transfected cells were either subjected to shear stress for 30 min or kept as static controls, followed by immunocomplex kinase activity assays. As shown in Figure 3a , shear stress increased the activity of HA-JNK1 by 2.5-fold in the pcDNA3-transfected controls. Cotransfection of either HA-Cdc42(N17) or HA-RhoA(N19) attenuated the shear stress activation of HA-JNK1, indicating that the shear stress activation of JNK requires Cdc42 or RhoA. We also used Clostridium botulinum C3 exoenzyme (C3), a specific inhibitor of Rho (47) , in an attempt to block the shear stress activation of JNK. Pretreating BAECs with C3 for 48 h, an experimental condition to cause the formation of the ADP-ribosylated Rho (48) , blocked the shear stress activation of JNK (Figure 3b ).
To test whether Cdc42 and RhoA are sufficient to regulate JNK in response to shear stress, HA-JNK1 was cotransfected with myc-Cdc42(V12) or myc-RhoA(V14) to mimic the shear stress-activated Cdc42 or RhoA. As shown in Figure 4 , overexpression of myc-Cdc42(V12) caused a drastic activation of HA-JNK1. However, HA-JNK1 was not activated in myc-Rho(V14)-transfected
Figure 4
Cdc42, but not RhoA, is sufficient for JNK activation. HA-JNK1 (1 µg/slide) was cotransfected with pcDNA3, myc-RhoA(V14), myc-Cdc42(V12), Ras(V12), myc-Cdc42(V12) together with Ras(N17), or Ras(V12) together with HA-Cdc42(N17) (2 µg/slide for each). The total amount of the transfected plasmid DNA in the various samples was kept constant by supplementing with pcDNA3. About 40 h after transfection, the cells were lysed and kinase assay was performed on HA-JNK1. The bar graphs, representing mean ± SD from three separate experiments, show the JNK kinase activity of the various samples relative to that in the pcDNA3-transfected controls. Asterisks indicate significant difference (P < 0.05) compared with pcDNA3-transfected cells. Ras(N17) or HA-Cdc42(N17) have no inhibitory effects on JNK activity induced by myc-Cdc42(V12) or Ras(V12). Shown at bottom is the immunoblotting, indicating that similar levels of HA-JNK1 were expressed in various samples. cells or in pcDNA3-transfected cells. These results, together with those presented in Figure 3 , indicate that Cdc42 was involved and sufficient for the shear stress activation of JNK. However, RhoA was involved but was not sufficient for such an activation. Because Ras has been shown to regulate the shear stress activation of JNK (16, 49) , we tested whether Cdc42 and Ras function sequentially upstream of JNK. Cotransfection of Ras(N17) did not block myc-Cdc42(V12)-induced JNK activity, nor did HA-Cdc42(N17) block Ras(V12)induced JNK activity (Figure 4 ), suggesting that Cdc42 and Ras activate JNK through independent mechanisms.
Rho is involved in the shear stress regulation of cell alignment and stress fiber formation. Prolonged exposure of ECs to shear stress results in their elongation along the direction of flow (18) , the formation of stress fibers, and rearrangement of the microfilaments (20) . To test whether Cdc42 or RhoA regulates shear stress-induced cell alignment and stress fiber formation, BAECs were transfected with HA-Cdc42(N17), HA-RhoA(N19), or a combination of pcDNA3 and β-gal as transfection controls. The cells were either sheared for 16 h or kept as static controls, followed by double fluorescence staining of actin and the HA epitope tag or β-gal to indicate the transfected cells. As shown in Figure 5 , the pcDNA3-transfected cells aligned with the direction of flow and formed stress fibers after 16 h of shearing (Figure 5b ). Transfection of HA-Cdc42(N17) did not inhibit the shear stress-induced cell alignment and stress fiber formation (Figure 5d ). In contrast, transfection of HA-RhoA(N19) caused a decrease of stress fibers under static conditions (Figure 5e ) and reduced shear stress-induced stress fiber formation and cell alignment (Figure 5f ). The data on the cell orientation angle and cell shape index from the specimens exem-
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Figure 5
Rho is involved in the shear stress regulation of EC alignment and stress fiber formation. BAECs cultured on glass slides were transfected with pcDNA3 (1 µg/slide) together with β-gal (1 µg/slide) (a and b), HA-Cdc42(N17) (2 µg/slide) (c and d), and HA-RhoA(N19) (2 µg/slide) (e and f). About 40 h after transfection, the confluent BAEC monolayers were either sheared at 12 dyn/cm 2 for 16 h (b, d, and f) or kept under static conditions for 16 h (a, c, and e). The cells were fixed, permeabilized, double stained for actin and the expressed β-galor HA-tagged proteins, and observed by confocal microscopy. The actin-based cytoskeletal structure, which was recognized by FITC-conjugated phalloidin, is shown in green; the transfected cells, marked by anti-β-gal mAb or anti-HA mAb recognized by rhodamine-conjugated goat anti-mouse IgG, are shown in red (arrows). Scale bar: 20 µm.
plified in Figure 5 were subjected to statistical analysis (Figure 7) . Under static conditions, transfection of HA-Cdc42(N17) had no significant effect on cell orientation angle but significantly increased the cell shape index. After 16 h of shearing, the orientation angle of the cells transfected with HA-Cdc42(N17) was not significantly different from that of cells transfected with pcDNA3, and the shape index of HA-Cdc42(N17)-transfected cells decreased but was still significantly higher than that of transfected pcDNA3 controls after shearing (P < 0.05). HA-RhoA(N19) had no effects on cell orientation angle or cell shape index under static conditions, but it significantly reduced the cell alignment and cell shape change caused by shear stress (P < 0.05) compared with pcDNA3transfected cells, indicating that Rho regulates stress fiber formation and cell alignment in response to shear stress. p160ROCK is the Rho effector to regulate shear stress-induced cytoskeleton reorganization. The Rho-associated kinase p160ROCK has been shown to function downstream of Rho in regulating the formation of stress fibers and focal adhesions. ROCK-C, a dominant-negative mutant of p160ROCK in which the segment from the NH 2 -terminus to the Rho-binding domain in the wild-type p160ROCK is truncated, has been shown to inhibit Rho-induced formation of stress fibers and focal adhesions (33) . We used epitope-tagged myc-ROCK-C to determine whether p160ROCK plays a role in the shear stress-induced cytoskeleton reorganization. As shown in Figure 6a , transfection of the wild-type myc-ROCK increased stress fibers and did not affect shear stress-induced cell alignment (Figure 6b ). In contrast, transfection of myc-ROCK-C decreased stress fiber formation under static conditions (Figure 6c ) and reduced the shear stress-induced stress fiber formation and cell alignment (Figure 6d ). Like HA-RhoA(N19), myc-ROCK-C had no significant effects on cell orientation angle and shape index under static conditions, but it attenuated the decrease of cell orientation angle and shape index caused by shear stress (Figure 7) . After 16 h of shearing, the cell orientation angle and shape index in myc-ROCK-C-transfected cells were significantly higher than those in myc-ROCK-transfected cells (P < 0.05).
Discussion
Rho family GTPases, including Cdc42 and Rho, belong to the Ras superfamily of proteins that cycle between an inactive GDP-bound form and an active GTP-bound form. In this study, we show that Cdc42 and Rho play important but distinct roles in signal transduction and cytoskeleton reorganization in BAECs in response to shear stress. Upon exposure to shear stress, Cdc42 and Rho translocate from cytosol to membrane (Figure 1) . Presumably, the activation of these two small GTPases is concurrent with their translocation. We have shown previously that the Ras-JNK pathway mediates the transcriptional activation driven by AP-1/TRE (16) . The data presented in Figures 2 and 3 indicate that both Cdc42 and Rho are involved but that only Cdc42 is sufficient in the shear stress activation of JNK that leads to the
Figure 6
P160ROCK is a downstream effector of Rho in the shear stress regulation of EC alignment and stress fiber formation. The experimental conditions were the same as those in Figure 5 , except that BAECs were transfected with either myc-ROCK (a and b) or myc-ROCK-C (c and d) (2 µg/slide). The static (a and c) or sheared (b and d) cells were fixed, permeabilized, double stained for actin and myc-tagged proteins, and observed by confocal microscopy. The actin-based cytoskeletal structure, which was recognized by FITC-conjugated phalloidin, is shown in green; the transfected cells, marked by anti-myc mAb recognized by rhodamine-conjugated goat anti-mouse IgG, are shown in red (arrows). Scale bar: 20 µm. increase in AP-1/TRE activity. Although both Cdc42 and Ras are sufficient for JNK activation, Ras(N17) was unable to inhibit the activation of JNK by Cdc42(V12), and neither can Cdc42(N17) inhibit the activation of JNK by Ras(V12) (Figure 4 ), indicating that Ras and Cdc42 in ECs activate JNK through parallel pathways. In contrast, Rho is involved but not sufficient for the shear stress activation of JNK, indicating that Rho regulates collectively with other molecules to activate JNK. This Rho-regulated pathway is independent of Cdc42 and Ras, as HA-RhoA(N19) did not inhibit myc-Cdc42(V12)-induced AP-1/TRE activity (Figure 2b) or the active mutant of RhoA-enhanced myc-Cdc42(V12) or Ras(V12)-induced TRE promoter activity (data not shown). On the other hand, Rho, but not Cdc42 and Ras, regulates the formation of stress fibers and the mor-phological remodeling ( Figure 5 ) (50) . Furthermore, p160ROCK functions as a Rho effector to regulate stress fiber formation and cell alignment ( Figure 6 ) but not AP-1/TRE activity (data not shown). These sequential events activated by shear stress are summarized in Figure 8 .
The mechanism by which shear stress increases the translocation of RhoA and Cdc42 from cytosol to membrane in ECs is not clear. It has been proposed that Rho GTPases bind to guanine nucleotide dissociation inhibitors (GDIs) in the cytosol. Upon stimulation, Rho GTPases dissociate from GDIs, translocate to the cell membrane, and become activated (reviewed in ref. 25) . Previous studies have shown that incubation of neutrophil or Swiss 3T3 cell lysates with GTPγS increases the translocation of Cdc42 and Rho from cytosol to membrane (44, 45, 51) . Thus, the translocation of these two small GTPases to membrane by shear stress suggests that they are activated by shear stress. However, shear stress did not stimulate the redistribution of RhoA and Cdc42 into cytoskeleton. The lack of the cytoskeletal translocation of Rho GTPases has also been found in other cell types with chemical stimulation, e.g., in smooth muscle cells in response to phenylephrine (45) .
The shear stress receptors or sensors in ECs that activate Cdc42 and Rho, leading to the subsequent signaling, have not been clearly identified. Growth factor receptors (i.e., receptor tyrosine kinases), G protein-coupled receptors, and integrins appear to be candidates, as they can mediate Cdc42 and Rho activation (26, 29, 37, (52) (53) (54) . These shear stress-sensitive receptors may independently or coordinately regulate the activity of Rho GTPases. As receptors to extracellular matrix during cell adhesion, integrins may also serve as mechanosensors to shear stress. We have shown that shear stress rapidly increases integrin clustering (55) . Many of the Cdc42and Rho-related signaling events, such as the activation of FAK, and c-Src, the assembly of focal adhesions and stress fibers, and the tyrosine phosphorylation of paxillin, are also induced in ECs by shear stress (9, 10) . In agreement with this, integrin aggregation by using beads coated with ligands or anti-integrin antibodies triggered recruitment of signal transduction molecules, including RhoA, Rac, and Ras (52) . It has been shown that integrinmediated focal adhesions are assembled only in the presence of both the appropriate extracellular matrix and functionally activated Rho or Rac (53) . A recent study by Clark et al. (54) also showed that Rho GTPases play important roles in integrin-mediated cell adhesion, spreading, and signaling. The possible signaling events linking integrins to Cdc42 and Rho include guanine exchange factors (GEFs), GDIs, and GTPase-activating proteins (GAPs). For example, Graf (GTPase regulator associated with FAK), a new member of the GAP family, was recently cloned and shown to preferentially stimulate the GTPase activities of RhoA and Cdc42 (56) .
Our finding that Rho-p160ROCK is involved in the shear stress regulation of cell alignment and stress fiber formation is in concert with previous studies on the involvement of Ca 2+ . Treatment with quin2-AM to chelate intracellular calcium abolishes cell shape change and stress fiber formation of BAECs in response to shear stress, indicating the involvement of calcium mobiliza-
Figure 7
Summary of results on the cell orientation angles and cell shape indexes from specimens exemplified in Figures 5 and 6 . Two hundred transfected cells, identified by the β-gal-, HA-, or myc-positive staining and selected from at least three independent experiments, were subjected to analysis of the cell orientation angle (the angle between the cell principal axis and the flow direction) and cell shape index (4π × cell area)/(cell perimeter squared). Bars represent mean ± SEM. Significant differences (P < 0.05) are indicated by the dagger for static conditions and by asterisks for sheared cells compared with pcDNA3-transfected cells. tion in these morphological and cytoskeletal modulations (23) . Rho has been shown to increase calcium sensitization through p160ROCK in smooth muscle contraction (36) . The GTP-bound, active form of RhoA inhibits myosin phosphatase activity by interacting with its myosin-binding subunit, which regulates the extent of MLC phosphorylation. In addition, p160ROCK or Rhokinase can enhance the phosphorylation of MLC by either inactivating myosin phosphatase or by directly phosphorylating MLC at the same site as MLCK does (34) (35) (36) . Enhanced MLC phosphorylation increases actinomyosin contractility, stress fiber formation, and the recruitment of integrins into focal adhesion structures (37) . There is ample evidence suggesting that MLCK phosphorylation of MLC is a critical signaling event associated with intracellular Ca 2+ in actin-based cytoskeletal remodeling. It has recently been shown that ML-9, an inhibitor of MLCK, abolishes MLC phosphorylation and Ca 2+ influx in porcine aortic ECs in response to shear stress (57) . Thus, shear stress is likely to activate the Rho-p160ROCK pathway, which in turn modulates the MLCK-MLC pathway or the intracellular Ca 2+ to regulate the cell alignment and stress fiber formation.
Shear stress has been implicated in pathophysiological processes in the vascular wall such as atherosclerosis, reperfusion, and EC wound healing (1) (2) (3) (4) (5) (6) (7) (8) . Because both Cdc42 and Rho are sensitive to the applied shear stress, it is likely that these two small GTPases are involved in the EC signaling and gene expression in the lesion-prone areas of the arterial tree. The shear stress in these regions is constantly changing because of the pulsatile and disturbed blood flow pattern, which may be partially mimicked by a sudden change of shear stress in vitro. The activation of Cdc42 and Rho, and their engagement in JNK activation in response to the applied shear stress, may also play important roles in reperfusion injury. It has been shown that reperfusion, but not ischemia, activates JNK in the ischemic-reperfused heart (58, 59) . The sustained activation of Rho is consistent with its important role in EC remodeling under shear stress. Because endothelial integrity is critical in maintaining the homeostasis of the blood vessel wall, damage to the endothelium often results in endothelial remodeling. After balloon angioplasty, ECs migrate as a monolayer at the wounding edge, with very few migrating as single cells, and the migration is followed by proliferation (60) . Both in vivo and in vitro studies have demonstrated that shear stress enhances EC remodeling after injury, possibly by increasing cell migration (5, 6) . Recently, it has been shown that C3 exoenzyme inhibits EC wound closure under static culture conditions (61) . These studies, together with our results, suggest that Rho GTPase is important in EC remodeling under flow.
In summary, our findings have implications in understanding the roles of shear stress in initiation of atherosclerosis, reperfusion, and EC wound healing. The activation of immediate early genes and cytoskeletal reorganization in response to shear stress is crucial in vascular homeostasis in physiological and pathophysiological conditions. Our results suggest that Rho GTPases are important molecules in mediating these cellular events. 
